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SUMMARY

As muchwind data as possible were obtained in the 80-to 400-km ionospheric
region of the atmosphere, and by various techniques, summarizedinto useful
forms for interpretation and deducing wind flow characteristics in these high
atmospheric regions for use in space vehicle design studies. As a first approxi-
mation, the deductions of the wind flow characteristics in the region, based on
this study, can be applied to the CapeCanaveral, Florida, area.

The most important wind measurementtechniques presently used are described
in the first part of the report. Wind data obtained by the sodium vapor trail
method are presented and discussed with respect to wind direction, wind speed,
wind vector, and wind shear characteristics. Monthly meanzonal and meridional
cross sections for the 30 to 40 degree latitude belt were constructed for the
80-to 200-km region and interpreted. Additional winds above 200 km from iono-
spheric drift measurementsand from somerecent sodium vapor trail measurements
are used to deducewind flow conditions in the 200-to 400-km region.

The most important deductions of the wind flow characteristics in the 80-to
400-km region are summarizedand presented in the section on conclusions.

SECTIONI. INTRODUCTION

Winds and wind shears represent one of the most important inputs to launch
vehicle and spacecraft design and performance studies. For this reason, it is
desirable to have an understanding of the wind flow and to obtain wind speed and
wind shear profiles from the surface to the maximumaltitude of available data.
From the wind data, values for the standardized parameters used in the various
design studies (Ref i) can be obtained.

The 80-to 400-km atmospheric region investigated in this report lies in the
ionosphere. The ionosphere is divided into regions designated as D, E, and F.
The ionosphere between 60 and 85 km is the D-region, that between85 and 140 km



the E-region, and that above 140 km the F-region, which in turn, is divided into
the FI and F2 regions. The FI region lies between 140 and 200 km, and the F2
region lies between 200 and 1300km (Ref 2). In addition, a sporadic E layer
(Es) , a few kilometers in thickness, occurs rather frequently near i00 kmas a
local intensification of the electron concentration (as muchas twice) above that
in the ambient E-layer.

Measurementsmadefrom rockets and satellites (Ref 3) showthat these layers
or ledges of electrons with electron concentration peaks are not as distinct as
formerly thought. Instead, there appears to exist a rather densely ionized re-
gion without any very well defined layers. However, since muchof the iono-
spheric wind data (Ref 4 through 28) is identified and located in altitude ac-
cording to the former ionospheric model, the established letter designation will
be used in this report mainly to identify a particular altitude region.

Data for the region of the atmosphere above 80 km are sparse and relatively
little is knownabout winds and wind shears at these high altitudes. Therefore,
an attempt is madein this report to estimate the probable wind flow character-
istics in the 80-to 400-km ionospheric region based upon information madeavail-
able from a variety of measurementtechniques.

The authors wish to gratefully acknowledge that the sodiumvapor trail wind
data for Wallops Island, Virginia, were madeavailable by Dr. W. Nordberg and
Mr. W. S. Smith, Aeronomyand Meteorology Division, GoddardSpaceFlight Center,
and Dr. E. R. Manring, Physics ResearchDivision, Geophysics Corporation of
America; and those for Eglin AFB, Florida, by Dr. K. S° W. Champion, Office of
Aerospace Research, AF CambridgeResearchLaboratory. Also, gratitude is ex-
pressed to Mr. ThomasA. King for his invaluable assistance in computing and
checking someof the data and in plotting manyof the graphs used in this report.

SECTIONII. TECHNIQUESOFMEASUREMENT

Various methodsare employed to obtain wind measurementsin the atmosphere.
A numberof techniques were sunmmrizedand illustrated in Reference 29. Most
wind speed and wind shear profiles for the lower atmosphere (surface to 30 km)
are determined from conventional rawinsonde measurement. These sounding bal-
loons have yielded a considerable amount of data from the surface up to 30 km,
with a few measurementsup to 40 km. More recent techniques utilizing angle-of-
attack, spherical balloon-radar and smokeand vapor trail observations have been
used to supplement the balloon data in this altitude range. Winds in the alti-
tude region between 30 and 80 km have been measuredprimarily by the use of (i)
large explosions on the ground, (2) sounding rockets ejecting grenades, para-
chutes, balloons, or chaff, and (3) to a lesser extent, by smokeand sodium
vapor trail photography.

Somedata from 30 to 60 km are from the anomalouspropagation-of-sound
measurementfrom large explosions on the ground. Rocket-grenade, parachute,
balloon, and chaff experiments have been the primary source of data gathering
between about 40 and 80 km of altitude. Noctilucent clouds are found at high



latitudes, and give wind measurements between 74 and 92 km. From about 80 to

ii0 km, there are data from meteor trails and ionospheric drifts. Sporadic E

measurements are usually made at an altitude near i00 km. Sodium vapor ejected

from rockets allows wind measurements to be made between 30 and about 250 km,

depending on the maximum height capability of the rocket. Although not statisti-

cally adequate, these data provide a first estimate for space vehicle design

studies of winds and wind shears to be expected at these altitudes. From 200 km

up to about 400 km, the data are primarily from ionospheric drifts.

The rocket-grenade and chaff techniques are included in the following des-

cription of some techniques of measurements since they are also used to sample

the atmosphere a little above 80 km.

A. ACOUSTIC METHOD (Rocket-Grenade)

Rocket-Grenade: In the region of the atmosphere between 30 and 90 km,

the rocket-grenade method has been a primary source of wind measurements. This

method employs a rocket that carries a number of grenades in its nose cone. The

grenades are ejected from the rocket's nose cone at various altitudes and ex-

plode almost immediately. When the grenades explode, a spherical wave-front is

generated (Fig. I). Due to the wind movement in the atmosphere, the wave-front

is distorted as it propagates toward the ground. When the wave-front arrives

at the surface of the earth, ground-based microphones record the sound. By

properly tracing the explosion back to its point of origin, a wind profile of

the traversed media can be constructed.

The average winds in a medium between two high-altitude grenade explosions

are determined by measuring exactly the time of explosion of each grenade, the

time and direction of arrival of each sound wave at a number of ground-based

microphones, and the exact position of each grenade explosion. The position and

time data of each grenade explosion can be gotten from a single station doppler

velocity and position (DOVAP) transmitter-receiver and a single ballistic camera

(Ref 30). From the recorded data on the Doppler shift of the 73.8 Mc radiation

transmitted from the moving rocket to the ground, the slant range to the rocket

(the grenade detonation position relative to the rocket is known) can be deter-

mined very accurately, and, from the use of the camera, the direction cosines

of the grenade explosion can be obtained. The azimuth position and altitude

(Fig. i) of the grenade are then established. The time of explosion is observed

on the DOVAP cycle-count record as an electro-magnetic radiation interference

pattern resulting from the explosion, and the time of arrival of the sound wave

is recorded by each of five microphones arranged in a shape of a symmetric cross.

Generally, three microphones are sufficient to determine the angle of arrival of

the wave front. A more sophisticated all weather observing system is described

in Reference 31.

B. VISUAL METHODS

i. Sodium Vapor Trails. Direct wind measurements in the upper atmos-

phere above ii0 km are very scarce. In the past few years measurements have

been obtained up to an altitude of 230 km at Wallops Island, Virginia, by eject-

ing a continuous sodium vapor trail into the earth's upper atmosphere from a



rocket (Ref 32, 33). Measurements have also been obtained at Eglin AFB,

Florida (Ref 34) and Holloman AFB, New Mexico (Ref 35).

The trail extends over a large altitude range allowing the determination of

a relatively complete wind profile. The lower limit is determined by aero-

dynamic effects since the initial injection of the sodium vapor may cause in-

stability during the early part of the flight. The upper limit of the trail is

determined by the capability of the vehicle. The positions of the trail at

various altitudes and times are obtained from an analysis of photographs taken

simultaneously from at least two widely separated locations, and three or more

are desirable (Ref 32). This technique is illustrated in Figure 2.

The exact locations of distinct points on the ejected cloud are usually de-

termined by placing three projectors on a scale model site and focusing the

corresponding negatives simultaneously on a screen (Ref 32). The height of the

point on the vapor trail is determined by a special table designed to take into

account the ground coordinates. To make certain that the projectors are cor-

rectly orientated, a star field is photographed just before launching the rocket.

From the projected image positions of the stars, the projectors can be aligned

relative to one another as were the cameras in the field.

2. Meteor Trails. Wind measurements from meteor trails can be ob-

tained by photographic techniques. Whipple (Ref 36) describes the photographic

methods now in use. Essentially, the meteor trail is photographed simultaneously

from two different camera sites over a base line of about 30 or 40 km. The

cameras are aligned to photograph a common volume of sky and there are two

cameras at each site. The technique is similar to that shown in Figure 2 for

sodium vapor trails.

One of the cameras used by Liller and Whipple (Ref 37) had an aperture of

12_ in., a focal length of 8.0 in., and a field view of 55 degrees on the sky.

The focal ratio was extremely rapid, f/0.65 optically, and f/0.85 effectively.

The second camera at each site was equipped with rotating shutters that broke

the meteor trails into segments separated by 1/60 second intervals. In this man-

ner, complete data were provided concerning the trajectories, velocities, and

decelerations of the incident meteors.

3. Noctilucent Clouds. One of the most direct measurements of high

altitude winds has been burnished by the motions of the so-called noctilucent

clouds. The composition of these clouds is still uncertain. Mitra (Ref 38)

presents several possibilities. According to one hypothesis they are composed

of ice crystals, since they occur in low temperature region. Another hypothesis

suggests that they are due to cosmic dust produced by a volcanic eruption or by

the fall of large meteoroids. These clouds form in the warm part of the year,

in high latitudes, approximately from the 45th parallel to the Polar circle.

The latitude zone of most frequent appearance is around 55 degrees (Ref 39). The

clouds are observed some hours after sunset or before sunrise, being illuminated

by the rays of the sun from below the horizon. The mean height of noctilucent

clouds is near 82 km, at the height of the temperature minimum of the upper

atmosphere which ranges from 74 km to 92 km.
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Stromer (Ref 40) arrived at the heights of these clouds by photographs
taken at three sites and the velocities by visual estimates.

C. RADIOMETHODS

i. Chaff. Somewinds are measured in the 30- to 90-km altitude
region by meansof the chaff ejected from rockets. Chaff is usually in small
short strips approximately 5 cm in length and i0 -_ cm thick (Ref. 42). The
chaff strips are coated with aluminum in order that they can easily be tracked
by radar.

The chaff is bound together in cylindrical bundles and placed in the rocket
nose cone. Whenthe rocket reaches a specified altitude, the chaff bundles are
ejected and the chaff forms a cloud which is tracked by a ground-based radar
(Fig 3). Smith reports that the initial ejected chaff cloud is cylindrical with
its major axis along the rocket trajectory. As the chaff falls, the radar
tracks the part of the cloud having maximumconcentration. Oncethe cloud has
dispersed, initially, its horizontal movementis interpreted as wind.

2. Meteor Trails. Meteor trails which are generally visible in the

altitude region from Ii0 to 60 km, have furnished much information about atmos-

pheric phenomena at these altitudes. Wind measurements can be obtained from

meteors as they enter the atmosphere due to the heavily ionized trail which they

leave behind as they burn up. The true wind motion of the air molecules and

ions can be observed by means of radio echoes from the drifting meteor trail,

whose electron concentration is several orders of magnitude greater than that

of the ambient ionosphere (Ref 42). To determine the wind velocity it is neces-

sary to know (i) the line of sight velocity of the trail to the transmitter-

receiver on the ground, and (2) the position of the trail in the atmosphere.

The radial component of the wind velocity (Fig 4) is established from the dif-

ference in frequency between the incident and reflected radio beam due to the

Doppler effect. The location of the reflecting ionized trail in space is ob-

tained from the range records (Ref 43). Greenhow and Neufeld (Ref 44) obtain

the height of the reflecting layers within +3 km by using an empirical curve

relating rate of decay time and altitude.

In order to determine the horizontal wind velocity, it is necessary to ob-

serve a number of meteors at various azimuth and elevation angles. This is done

by directing a beamed aerial alternately in two directions, which are 90 degrees

different in azimuth, for a period of several minutes. In this way, average

radial wind velocities are obtained and the horizontal components (V 1 and V2) of

these are combined to give the resultant wind speed and direction (Fig. 4).

Other similar methods of obtaining wind observations from meteor trails make use

of the electronically sweeping antenna pattern obtained by using an array of

four vertical antennas spaced about a vertical reflector (Ref 26) or by using a

system of three receiving aerials at the corners of a right triangle (Ref. 45).

3. Radio Fading. Radio fading is one of the most frequent methods used

to measure winds in the ionosphere. In the spaced-receiver method, Mitra (Ref

25), a pulsed transmitter is employed which operates on a frequency range be-

tween 2 and 6 Mc/sec. The pulse beam that is sent out is reflected back when



it attempts to penetrate an ionospheric electron layer of sufficient density.

The back-scattered signal is received by three aerials located at the vertices

of a right triangle (Fig. 5). The optimum spacing for the receivers is of the

order of one wave length.

From the observation times (TA, TB, TC) of similar features of the fading
curve records (Fig. 5) and the distances between the receiver stations, the

drift velocity relative to the ground, is readily computed. It follows from

simple geometry that the velocity of the ionized cloud drifts is o_e-half of the

ground drift velocity. The height of the particular ionized cloud in the atmos-

phere is determined by the travel time and frequency of the wave.

4. Sporadic E. A rather frequent electron intensification of a layer,
i

to 2 km in thickness near i00 km, occurs in the E-region mostly in the summer

time. This layer, in which the electron concentration is observed to be as

much as twice that in the ambient ionosphere (Ref 46), is called the sporadic E

layer. Wind measurements can be made from the drifting sporadic E ionized

clouds by the same technique as in the preceding section with the exception that

a higher radio frequency is used in order to penetrate the ambient E layer.

5. Radio-Star Scintillation Method. Of all the methods of measuring

wind speeds at extremely high altitudes, the radio-star scintillation method is

probably the simplest concept in practical use. Essentially, this method con-

sists of measuring the fluctuations of continuously emitted signals from a

radio-star. The fluctuations observed are due to the propagation of the signals

through drifting ionospheric irregularities. For example, a smooth ionosphere

causes the radio waves from the star to undergo a steady refraction. On the

other hand, a moving ionosphere containing irregularities or blobs with electron

concentrations slightly higher or lower than the surrounding medium, can cause

appreciable variations in the refraction of radio-star waves (Ref 47) and thus

produce signal fluctuations. These drifts are measured by three identical

interferometers located at the vertices of a right triangle. The technique of

measurement is essentially the same as that of radio-fading method except that

the signals originate from a star source instead of a ground-based transmitter.

Some of the major difficulties associated with this technique are (i) the

height of the irregularities that causeradio-star scintillations is not known,

(2) measurements can only be obtained during a few hours at night, and (3) since

the signal source does not ordinarily occur overhead, the signal must traverse

the atmosphere obliquely.

SECTION III. PRESENTATION AND DISCUSSION OF DATA

A. WIND FLOW CHARACTERISTICS

i. Speed and Direction Variations. In the past few years, it has been

possible to obtain direct measurements of wind speed and direction above 80 km

by ejecting sodium vapor into the atmosphere from rockets. Wind speed and

direction curves resulting from the reduction of eight sodium vapor trail obser-

vations at Wallops Island, Virginia, are presented in Figures 6 and 7. Because



of the small sample, no statistical analysis is performed and only clues for

probable wind flow characteristics are looked for. From these curves the

largest variations in speed and direction occur between the altitudes of 90 and

125 km for speed, and 90 and 116 km for direction. The wind speed can change

by as much as 128 m/sec in an 8 km altitude change, and I00 m/sec in 3 km; the

wind direction backs or veers by as much as 300 degrees in 7 km, and 180 degrees

in i km. Between 116 and 155 km altitude the directions change very little and

are predominantly northerly.

Figure 8 is a replot of the data in Figure 6 in order to show the range of

the wind speeds more clearly. Based on available data, the envelope curves

connect the lowest and highest wind speeds at the different altitudes, and the

intermediate curve connects the wind speeds ranking fifth in magnitude at the

different altitudes. The envelope curves are shown as broken lines where the

number of cases falls below eight. The greatest ranges of wind speed occur in

the 90-to 125-km altitude region. The maximum range and speed, which are re-

spectively 125 m/sec and 148 m/sec, occur at 117 km. The wind speed range is

less than 80 m/sec from 127 km to 155 km. The minimum speeds are near 20 m/sec

from 85 to 125 km, and then increase to values near 60 m/sec at 155 km. The

maximum wind speeds are near i00 to 140 m/sec from 90 to 155 km.

2. Wind Vector Variations. The wind speeds and directions presented

in Figures 6 and 7 are shown in Figures 9 and I0 by the months of the year in

the form of an aerogram of wind vectors. Also, presented in Figures 9 and i0

are data obtained by sodium vapor trail observations at Eglin Air Force Base,

Florida (Ref 34), at Holloman Air Force Base, New Mexico (Ref 35), and Wallops

Island, Virginia (Ref 33), and data obtained by chaff observations from Tonopah

Test Range, Nevada (Ref 41).

The wind soundings show rather uniform veering and backing of the wind with

altitude. These variations, which are probably due to thermal influences,

indicate that there are organized circulations in the 80-to 200-km region. There

are also some sharp changes of the wind velocity with altitude, which may be

caused by front-like discontinuities and/or markedly sloping anticyclones and

cyclones. Moreover, the pronounced daily variation in the wind vector is

evidence of migratory anticyclones, cyclones and thermal variations.

There is evidence, in Figures 9 and I0, for the Winter-to-Summer and

Summer-to-Winter transitions in the zonal wind flow for different layers in the

80-to 200-km region, just as for layers below 80 km. The transition, the associ-

ated altitude layers, and times appear to be as follows:

a. Winter-to-Summer transition

(i) From west to east, 70 to 90 km, between the last half of

March and beginning of April.

(2) lll-defined, 90 to ii0 km

(3) From west to east, Ii0 to 160 km, between the last half of

April and the first half of May.



b. Summer-to-Winter transition

(i) Fromeast to west, 70 to 80 km, sometimein October.

(2) Ill-defined, 80 to i00 km

(3) From east to west, i00 to 170 km, between the last half of
October and the first half of November.

It seemsthat the transitions in the ll0-to 160-kmaltitude layer occur
later than those in the 70 to 80 km layer. The layer which is ill-defined with
respect to zonal directional changeappears to be i0 kmhigher in Spring than in
Autumn.

The wind flow characteristics mentioned in this section are also evident
in the meanzonal and meridional time cross sections for the atmospheric region
up to 200 km. These cross sections are described in the next section.

3. Zonal and Meridional Wind Components Variations. The monthly zonal

(west and east) wind components between 30 and 40 degrees north latitude for the

20 to 200 km atmospheric layer are presented in Figure ii. Figure 12 shows the

meridional (south and north) wind components for the 70 to 200 km layer. For

both the zonal and meridional time cross sections, the wind components above 70

km were obtained from the data presented in Figures 9 and i0. The zonal wind

components below 50 km are after Batten (Ref 48). Batten's cross section be-

tween 50 to 70 km was modified slightly by considering chaff and sodium vapor

wind data. Isotachs are shown for every 50 m/sec. A considerable amount of

smoothing necessarily went into the analysis above 70 km, since the data samples

were limited. Inference of the expected wind flow above i00 km in the wintertime

is indicated by broken isotachs. These cross sections are to be regarded as

first estimates of the monthly wind flow in the 80-to 200-km region, which can

be taken as applicable to the Cape Canaveral, Florida, area.

The mean zonal winds are predominantly westerly from the surface up to

about 90 km during the winter months. The maximum mean westerly wind flow in

this region is near I00 m/sec, and occurs during the latter part of January

around 70 k_. There appears to be a small band of easterlies between 90 and Ii0

km with magnitudes less than 50 m/sec. From ii0 up to 200 km, the zonal winds

are, again, predominately westerly. There seem to be two wind maxima in this

region. One maximum occurs during February and March around 120 km, while the

other occurs during January and February, possibly near 180 km. Both of the

centers have magnitudes above I00 m/sec.

For the summer months, the zonal winds are predominantly easterly from the

surface up to about 80 km. The maximum mean flow of about 60 m/sec occurs during

the early part of July around 60 km. There is a small band of westerlies above

this region extending from 80 to Ii0 km. The maximum wind speed magnitude near

i00 km is above 50 m/sec. Above II0 km, the wind again changes to easterlies.

These easterlies extend to 200 km. The winds in this region appear to have

three areas of maximum concentration. Two of these areas are near 120 km, and

occur during the months of May, June and August. Both areas have magnitudes



J

i00 m/sec. The other area of maximum wind flow above i00 m/sec near 170 km

altitude slopes from 180 km during the latter part of July to 160 km during the

middle of September.

Figure ii indicates that the zonal wind between 70 and 80 km altitude

changes from westerly in the winter to easterly in the summer. Wind speeds for

the winter in this region appear to be about twice as large as those for the

summer. Above 80 km, although the zonal wind direction appears to be opposite

in winter and summer in the 80 to Ii0 km, in the ii0 to 140 km, and in the 140

to 200 km layers, it is difficult to compare the wind speeds for summer and

winter because of gaps in the data. The transition times for the reversal of

the zonal wind flow direction for the layers above 70 km lie in the periods in-

dicated in Section 2 above.

The mean meridional wind flow pattern below 70 km is not as well defined

as the zonal. The wind magnitude in this region for Cape Canaveral, Florida, is

generally less than i0 m/sec (Ref 49). In the wintertime above 70 km the mean

wind is northerly between 80 and I00 km, and has a maximum magnitude of more

than 50 m/sec. A small band of southerly winds is apparently present between

105 and 115 km. Wind magnitudes for this region can attain values greater than

50 m/sec. The meridional wind direction between 115 km and 200 km appears to

be predominantly northerly with magnitudes as high as 150 m/sec in individual

cases (Ref 50).

During the summer months, the winds between 70 and 140 km altitude alternate

between southerly and northerly and become predominantly northerly above 140 km.

The wind speeds are generally less than 50 m/sec below 140 km except in August,

when a wind of 150 m/sec was observed near 120 km. Northerly winds of this

magnitude are also observed above 140 km.

The large meridional wind speeds, particularly above 140 km for the 20 to

40 latitude region, seem to indicate that the wind vector backs or veers without

much diminution of magnitude in the Winter-to-Summer and Summer-to-Winter transi-

tions of zonal direction. From the very limited data now available for the 140-

to 200-km region, the north component seems to maintain itself through spring

and only reverses sometime between the last half of August and the first half of

September. The autumn east-west reversal in this region occurs at a later time.

The south component is evident to at least December.

4. Additional Summer and Winter Ionospheric Winds in the 80 to 400 km

_. An extensive literature survey was made in an effort to include as much

data as possible on the winds above 80 km. Figure 13 presents a sample of the

winds from the survey (Ref 4 through 28). There are a few winds shown just be-

low 90 km which are the results of meteor trail observations; otherwise, the

winds shown were measured by ionospheric drift techniques. The winds are plotted

for the summer and winter as a function of altitude and latitude. In most in-

stances, a specific altitude was not available, and the winds were plotted either

at the midpoint of the altitude interval or at the assumed midpoint of a partic-

ular layer of the ionosphere. The E, F, and F 2 ionospheric layers are indicated

on the right ordinate axis of the figure. No data were obtained for the F 1 layer.

The altitudes of the peak electron concentrations in these layers, particuIarly



in the case of the F 2 layer, are actually not clearly fixed since the peak con-

centrations and their levels Vary diurnally, seasonally, latitudinally, and

with the sunspot number. In cases where the observations were recorded for at

least one year, and the authors did not make a distinction between surmmer and

winter, the winds have been plotted the same for both seasons. Two flags origi-

nating from one point indicate that a change in the direction occurs sometime

during the day. Additional information can be found in the legend of Figure 13.

A distinct wind flow characteristic shown by this figure is that the winds above

200 km are markedly zonal with a diurnal change of direction.

Millman (Ref 51) sunmmrized the general characteristics of about 50 long-

duration meteor trains. Several distinct types of differential wind currents

were found between 80 and i00 km of altitude. Typical examples were the S, Z,

and C forms a square form, trains with one sharp bend, those showing evidence of

a narrow jet stream, and those showing generally irregular diffuse patches. The

meteor train drifts were predominantly horizontal with norn_l speeds of about

50 m/sec. From 40 selected trains, Millman found that the average spacing be-

tween major wind currents moving in opposite directions was 8.3 km along the

meteor path. This corresponds to a vertical height difference in the atmosphere

of about 6 km. The average differential velocity between these major wind cur-

rents was determined to be 30 m/sec, i.e., a shear of 0.005 sec -I

Millman also discusses noctilucent clouds and states that the motion of

clouds tends to be mostly toward the west. Velocities have been measured in the

range 30 to 70 m/sec with an average velocity of about 50 m/sec. On occasions,

however, he has noted velocities between i00 and 200 m/sec. The height of these

noctilucent clouds is usually around 80 km. Noctilucent clouds normally exhibit

elements of a regular structure, sometimes taking the form of a series of long

parallel wave crests with a spacing of 9 km between successive crests. The

crests are sometimes crossed by a second system of parallel lines at right angles

to the first noctilucent clouds are observed at high latitudes.

The use of radio methods has produced evidence of horizontal drifts or

movements in the E and F regions of the ionosphere. It is still questionable

as to what part of these movements are due to pressure gradient forces and what

part due to geomagnetic and electromagnetic fields at very high altitudes. It

is also questionable whether the movements observed Nre actual winds, that is,

movements or air particles.

From a study of "winds" in the F-region of the ionosphere, Singh and

Khastgir (Ref 12) found that a sudden reversal in the direction of the wind

occurred around midnight. Such reversals were usually followed by turbulence.

Irregularities of the ionosphere were observed, and in some cases attributed to

a "single" ion cloud movement. Quasi-periodic, regular periodic and random

patterns of drift were recorded.

Ratcliffe (Ref 52) states that horizontal gradients of electron density are

greatest at sunrise. The drifts in the F-region are predominantly zonal. Below

about 400 km at 50 ° N latitude, they are toward the east by day and toward the

west by night, and have magnitudes of about 50 m/sec. Near the magnetic equator

the direction of drift is reversed; it is toward the west by day and the east by
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night. The magnitude of the F-region drift is greater during times of increased

magnetic activity. The probability of a reversal of direction near 0200 hours

local time increases with an increase in magnetic activity.

5. Extreme Winds. The literature was also examined for extreme wind

speeds. The estimated maximum wind speed that occurs in the atmosphere above

80 km is illustrated in Figure 14. This estimate was based on values obtained

from the literature and on the data presented in the previous figures. A sample

computed estimate utilizingthe data obtained from sodium vapor trails was found

to be in good agreement with this profile for the altitude region between i00

and 130 km. The profile presented in this figure should be considered as an

envelope. The maximum values will increase (decrease) according to an increase

(decrease) in solar activity, especially, above 150 km of altitude, but are not

expected to exceed the profile values. However, it should be mentioned that at

least four authors have reported observations of movements in the ionosphere ex-

ceeding the profile values. Yerofeyev (Ref 16) reported 490 m/sec as a maximum

in the 200-to 300-km region, Briggs and Spencer (Ref 53) reported i000 m/sec at

300 km and 750 m/sec in the F-region, and Chapman (Ref 54) reported 500 m/sec in

the E-region. These radio drift observations were recorded for brief periods

during magnetic storms, and it is quite probable that these movements are not

true wind movements of air particles.

6. Wind Shear and Turbulence. Wind shears were calculated from the

wind speed and direction data in Figures 6 and 7 for height increment of 500,

i000, 3000, and 5000 m using the following equation:

S

E(Vn)S + (Vn_l)S - (2) (Vn) (Vn_l) cos (@n - @n-$ )]I/s

h h
n n-1

where S represents the wind shear; V, the wind speed; @, the wind direction; and

h, the height. The subscripts n and n-i correspond to the top and bottom alti-

tudes, respectively, of each layer. The calculated values were plotted at the

midpoints of the various layers in Figures 15 through 18. For the 500 m layers

in Figure 15, shear values were plotted every 500 meters of altitude; whereas,

for the I000, 3000, and 5000 m layers in Figures 16 through 18 shear values were

plotted for every i000 meters of altitude. It should also be noted that the

abscissa scales for the 3000 and 5000 m shears are twice those for the 500 and

I000 m shears. The envelope curves in these figures connect the lowest and high-

est wind shears at the different altitudes; the intermediate curve for each of

the figures connects the wind shears ranking fifth in magnitude at the different

altitudes. The envelope curves are shown as broken lines where the number of

cases falls below eight.

Figures 15-18 show that wind shears with altitude are large between 85 and

125 km with peak values occurring between 95 and ii0 km. The highest maximum

wind shears occur near i00 km with maximum values decreasing above and below

this altitude. The peak shear values near I00 km for the 500, i000, 3000, and

5000 m layers were, respectively, 0.131, 0.086, 0.053, and 0.035 sec -I. Above

125 km, the wind shears become quite small, of the order of 0.005 sec -i , with

only a little variation with altitude. The minimum values in Figures 15-18 are
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near zero. A close inspection of the data has disclosed that the maximumwind
shears, for all height increments concerned, occur during the evening twilight
hours between 95 and 120 km. This limited data sample indicates that wind shears
are probably larger in the daytime than at night. No comparison between summer
and winter can be madehere because the observations were obtained only during
spring and autumn.

Only a small percentage of the literature mentions the wind shear and tur-
bulence in the ionosphere. Greenhowand Neufeld (Ref 27), using the radio echo
technique to investigate meteor trains between 80 and i00 km, have found the
medianvalue of the turbulent wind shear in this region to be i0 m/sec/km with
a maximumnear 140 m/sec/km. The data show that the rms turbulent velocity does
not vary significantly with the gradient of wind, with height, or with the mean
wind speed. They found no significant difference between the turbulent veloci-
ties observed during day and night time. The large turbulence at heights be-
tween 80 and I00 kmwas found to be distinctly anisotropic. The vertical scale
of the largest eddies was determined to be approximately 6 km; the horizontal
scale of these eddies is of the order of 150 km. The lower limit to the scale
for the smallest eddies was calculated to be 17 m.

Elford and Robertson (Ref 45), by use of radio echoes to observe meteor
trains, found a positive wind gradient of 3.6 m/sec/km for a small range of
heights centered around 95 kmof altitude. These results were obtained by uti-
lizing a Fourier analysis which gave a comparison of the amplitudes of the hour-
ly wind vectors for the monthsof Novemberand December. Elford (Ref 28), after
making further studies, established that the average wind gradient in December
was +2.3 m/sec/km, and in June -3.3 m/sec/km.

By using widely spaced receiving stations and observing ionospheric drifts
in the altitude region between 180 and 250 km, Thomas(Ref 6) found a mean
gradient of about 1 m/sec/km for a sample of 50 measurementsdistributed over
both summerand winter months. His figures also suggested that over the altitude
range considered (180 to 250 km), there is a larger gradient of velocity in
winter than in summer.

SECTIONIV. CONCLUSIONS

Although it is realized that the wind information in the 80 to 400 km
ionospheric region of the atmosphere is quite limited, it is nevertheless neces-
sary from the point of view of determining input data for vehicle and spacecraft
design and performance studies to present the available wind data, to interpret
it, and to draw sometentative conclusions of the wind flow characteristics.
The following points are made:

(i) Up to about 200 km the largest variations in wind speedand direc-
tion with altitude are between90 and 125 km. The wind speed can change by as
muchas 128 m/sec in 8 kmaltitude change, and i00 m/see in 3 km; the wind
direction backs or veers by as muchas 300 degrees in 7 kmand 180 degrees in 1
km. Above about 125 km, the directions changevery little with altitude. Above
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about 200 to 250 km, based on ionospheric drift measurements, the winds seemto
be markedly zonal with a diurnal changeof direction.

(2) The probable mmximumwind speed increases in steps from near 230
m/sec at 80 km to 500 m/set at 400 km.

(3) In the 80 to 200 km altitude region the highest wind shears with
altitude are between 85 and 125 kmwith peak values occurring between 95 to ii0
km. The largest maximumwind shears occur near i00 kmwith maximumvalues de-
creasing above and below this altitude. The peak shear values near i00 km calculated
for the 500, i000, 3000, and 5000 m7h layers were, respectively, 0.131, 0.086,
0.053, and 0.035 sec-I. Above 125 km to at least 200 km it appears that the wind
shears with altitude are quite small, being in the order of 0.005 sec-I. There
is evidence, too, that the wind shears to at least 250 kmare even smaller.

(4) Judging from the gradual veering or backing of the wind vector
with altitude, there appears to be organized circulation in the 80 to 200 km
region. Moreover, the marked daily variation in the wind vector is evidence of
migratory anticyclones and cyclones. Also evident are someabrupt changesof
the wind velocity with altitude, which maybe caused by front-like discontinui-
ties and/or markedly sloping anticyclones and cyclones.

(5) There is evidence of transition in the zonal direction flow during
spring and autumn in the 70-to 80-kmand llO-to 160-kmregions. The 80-to llO-
km region is ill-defined in this respect. Fromabout 140 to 200 km it appears
that the wind vector veers or backs through these transitional periods without
muchdiminution of magnitude.

(6) A monthly meanzonal cross section from 20 to 200 km for the 30 to
40 degree latitude belt shows:

(a) In winter, a small band of easterlies (less than 50 m/sec
maximum)between 90 and Ii0 kmwith westerlies predominantly in the rest of the
80 to 200 km region.

(b) Besides the westerly wind maximum(near i00 m/sec) around 70
km, a westerly wind maximum(more than i00 m/set) near 120 km and another wester-
ly wind maximum(more than i00 m/set) near 180 km.

(c) In summer,a small band of westerlies (more than 50 m/set)
between 80 and ii0 km with easterlies in the 110-200 kmregion.

(d) Besides the easterly wind maximum(more than 60 m/sec) near
60 km an easterly maximum(more than i00 m/sec) near 120 km during May-June,
another easterly maximum(more than i00 m/sec) near 120 km in August, and an-
other easterly maximum(more than I00 m/sec) near 170 km also in August.

(7) A monthly meanmeridional cross section from 70 to 200 km for the
30 to 40 degree latitude belt shows:

13



(a) In winter, a small band of southerly winds (more than 50 m/sec

maximum) between 105 and 115 km.

(b) In winter, northerly winds (more than 50 m/sec maximum) be-

tween 80 and I00 km and again predominantly northerly (more than i00 m/sec

maximum) from 115 to 200 km with magnitudes as high as 150 m/sec in individual

cases.

(c) In sun_mer, alternating southerly and northerly wind cells be-

tween 70 and 140 km with mean maximum speeds generally less than 50 m/sec al-

though in individual cases with speeds of the order of 150 m/sec near 120 km

in August.

(d) In sum_ner, predominantly northerly (more than i00 m/sec

maximum) above 140 km with speeds of t_he order of 150 m/sec in individual cases.
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